The new blends composed of natural polysaccharide -pectin and synthetic water soluble polymer -poly(vinyl alcohol) (PVA) are attractive materials due to their biocompatibility, non-toxicity and biodegradability. In this work the rheological properties of aqueous solutions of pectin (PEC), poly(vinyl alcohol) and their mixtures at various weight ratios (70/30, 50/50, 30/70) have been investigated. Flow measurements were carried out using a rotary viscometer with concentric cylinder at different temperatures (20-70 ºC) and shear rates (24-1234 s -1 ). The flow parameters and energy of activation have been calculated from the flow curves and Arrhenius plots, respectively. It was found that studied polymer solutions exhibited non-Newtonian behavior, moreover, the flow properties were dependent on the blend composition. The result show that practically there was no thixotropy in studied system but some interactions between PVA and pectin in water occurred.
Introduction
Polymeric solutions and molten polymers are characterized by the complex viscoelastic properties. Usually they behave as no-ideal i.e. non-Newtonian liquids, in which the apparent viscosity (η a ) changes with shear rate ( . γ). If the viscosity decreases with the increase of shear rate, the fluid is shear-thinning, i.e. exhibits pseudo-plastic behavior -typical for many polymers. The opposite trend, which occurs rarely, is named shear thickening [1] [2] [3] .
The drop of viscosity is due to the molecular alignments and disentanglements of the macromolecules under the influence of shear stress. This phenomenon is described by the Ostwald-de Waele power-law:
where τ is the shear stress, k is the consistency index and n is the power-law exponent (flow behavior index). 0 < n < 1 for the shear-thinning fluids, whereas n > 1 for the thickening fluids. The smaller the value of n, the more shear-thinning the polymer. The viscosity depends not only on the polymer chemical structure (presence of functional groups, degree of long-chain branching, molecular order, intermolecular interactions) but also on the average molecular weight and polydispersity. Moreover, the physical factors such as temperature, pressure, flow geometry and the presence of additives or modifying agents introduced to polymer as well as the chemical reactions leading to chain scission or crosslinking, have the strong influence on the flow properties. In some cases (e.g. in thixotropic or rheopectic fluids), the viscosity is time dependent.
The prediction of rheological properties of new polymer mixture is not trivial tasks because it has to be based on the theoretical viscoelastic model, in which many factors should be taken into account, which significantly complicate the mathematical relationships [3] . Some proposed theoretical models are still controversial, particularly in the case where there is no accordance to experimental data.
The practical information on the deformation under the influence of mechanical stresses can be obtained from the rheological test, using either rotational or capillary viscometers (rheometers). With rotational viscometers, the shear stress and shear rate are determined from the applied torque and the rotational speed, respectively.
The recorded plot of shear stress as a function of shear rate (so-called flow curve) in the different temperatures allows to calculate the parameters from equation (1) and recognize the type of polymer flow behavior. The activation energy of viscous flow can be also determined.
The knowledge of rheological properties of polymeric systems permits to evaluate their final properties and enables to arrange and optimize the processing conditions. The experimental data are necessary for computer simulations applied for verification of theoretical models.
The object of our studies is natural polysaccharide -pectin (PEC) and its blends with poly(vinyl alcohol) (PVA).
Pectins are a family of complex polysaccharides that contain mainly 1,4-linked α-Dgalacturonic acid residues, moreover, other sugar units are included in the main chain and in branches [4] [5] [6] . This natural material, present in cell walls of plants, is easily available and cheap, thus, can substitute some synthetic polymers obtained from petrol.
Pectin finds broad application in food industry. Owing to gelling, thickening and stabilizing properties, pectins are used in the production of jams, fruit jellies, acidified milk, protein drinks, yoghurts and other dairy products. Nowadays pectin is also applied in non-food industry: in medicine and pharmacy. Furthermore, its usage for production of biodegradable packaging is predicted.
The physico-chemical properties of pectin can be modified by various ways -one of them is simple blending with other macromolecular compounds, which assures the required, useful behavior in manufacturing and application of pectin-based plastics. It has been recently shown that pectin and its blends plasticized by glycerol can be successfully extruded forming films with good mechanical properties [7, 8] . The complex structure of pectin gel aggregates was investigated in detail by atomic force microscopy [9] .
The second component of studied system -PVA is a water-soluble, hydrophilic, biodegradable polymer, resistant to oils and greases. It is widely used as a moisture and oxygen barrier coatings for foods, cosmetics and tablets; adhesives for paper, textiles and wood; emulsifier and protective colloid; stabilizer and thickening agent in the production of resin dispersions and paints, etc. Hydrogels based on PVA represent biocompatible materials with potential applications in the pharmaceutical, medical and cosmetics fields [10] .
Recently, the surface properties and resistance to weathering of PEC/PVA blends have been investigated [11, 12] . It was found that their surface properties can be modified by air plasma and UV-irradiation during a very short time. Particularly sensitive to plasma treatment was the blend at weight ratio of 1:1 but simultaneously this specimen appeared more resistant to 254 nm radiation compared to other compositions [11] . The photoaging studies performed in laboratory conditions using weatherometer showed that PEC/PVA blends are more stable compared to both polymers aged individually. It was explained by intermolecular interactions between PEC and PVA, which was additionally confirmed by spectroscopic methods [12] . There is still lack of work describing the relationship between chemical structure/blend composition and processing properties in such biodegradable plastics.
Although the flow properties of pectins are reported [13-20 and references cited within], only few works deal the rheology of pectin blends with other polymers [21] [22] [23] . There is also no sufficient knowledge on the rheological behavior of PVA blends [23] [24] [25] . The aim of this work was to study the rheological properties of PEC/PVA aqueous solutions. The influence of components ratio and test conditions (temperature and shear rate) on the blend rheology has been investigated. Rheological measurement are necessary for the understanding the flow properties of new polymeric materials as well for the proper arrangement of manufacturing and processing of plastics. It should be pointed out that rheology of polymeric blends are still not well understood and there is no general rule that enables to predict the blends flow character [3] . Comparing the flow behavior of PVA studied in this work to earlier findings there is some contradiction with work published by Mucha in which the Newtonian behavior was shown for pure PVA solutions up to 10 g/100 ml concentration [24] . The explanation of these discrepancies is difficult because there is no sufficient information on the type of polymer described in this article -it was only given that molecular weight was low, in addition, the degree of hydrolysis of PVA was not specified [23] . The different type of apparatus (i.e. flow geometry) and conditions applied has also great effect on the results. It should be noted that similar nonNewtonian behavior of PVA solution was previously found by Lewandowska, who used the same type of rheometer [25] . The decrease of viscosity with shear rate, associated with the internal friction, is mainly related to the orientation of the macromolecules along the streamline of flow and to the disentanglement of macromolecules with the increasing shear force [24, 25, [27] [28] [29] . The pseudoplastic effect decreases with the increase of temperature and shear rate. It is also probable that both factors: higher temperature and shear forces destroy the hydrogen bonds which have to occur in all studied systems because the hydroxyl groups are present in each unit of pectin and PVA. Also the non-dissociated carboxylic groups from pectin participate in the intra-or intermolecular hydrogen bond formation.
Results and discussion

Flow properties
However, for the solutions of PVA and PEC/PVA blends with w PEC ≤ 0.5 (where w PEC means pectin weight fraction), the shear -thickening behavior is observed in the range of temperatures 50 °C -70 °C (Fig. 1B) . Aqueous solutions of PVA exhibit the higher apparent viscosity than the apparent viscosity of blends at w PEC ≤ 0.5. The shear-thickening behavior may be related to the change of macromolecular conformation induced by flow (as well as deformation and associations of macromolecules) [27] [28] [29] . In the case of blend solutions the intermolecular interaction participates in the shear-thickening phenomenon. The repulsive forces between the polymeric components in the blend solutions may cause the increase of η a with the increase of shear rate. In fact, the studied pectin is characterized by the low methylation degree, thus, besides of ester groups it contains numerous carboxylic groups which can be partly dissociated in aqueous solution. Although pectin alone does not show the shear-thickening even at elevated temperature but such effect has been observed in the blends, particularly at temperature above 50 ºC. It can be explained by the repulsing of ionic groups from pectin and non-ionized groups from PVA. It seems that at lower temperatures the direct contact between pectin and PVA molecules is hindered because of the poor miscibility but the higher temperature facilitates the mutual penetration of both types macromolecules. The negative deviations from the calculated straight-line illustrating the additivity rule have been observed in all studied blends. The deviations of log η a decrease with the increase of the temperature and with the increase of shear rate. Such behaviour suggests that PEC with PVA is poor or immiscible, which was also suggested in the previous works concerning these blends [11, 12] . 
Effect of time of deformation on viscosity
Viscosity of some polymer systems depends on the time of deformation. If the solutions of polymers do not exhibit dependence of the time on deformation, these liquids are rheologically stable. When the time of deformation has an effect on the viscosity of solutions, we have rheologically unstable liquids. Such solutions are divided into: thixotropic or anti-thixotropic system (thixotropic fluid viscosity decreases with time, while the viscosity in anti-thixotropic fluid increases). The effect of deformation on the polymer viscosity can be determined from the plot of τ versus . γ in the experiment carried out up and down [9] . The resulting up curve is obtained in the process of gradual increase of the shear rate. After reaching the maximum rate, . γ has been gradually decreased giving the down curve. In the case of stable solutions both curves should be identical, whereas rheologically unstable systems exhibit the hysteresis loop.
The flow curves of pectin, PVA and PEC/PVA (50/50) solutions obtained with the increasing and decreasing shear rates at temperature of 20°C are shown in Fig. 3 . In the case of pure pectin solutions rising curve shape resembles the shape of curve for thixotropic liquid (Fig. 3A) . Similarly, Pagan and Ibarz found very low thixotropic character for pectin from peach pomace [30] .
Curves obtained for the solutions of PVA (Fig. 3C ) and the PEC/PVA mixture of 50/50 weight ratio (Fig. 3B) present a different behavior. The small hysteresis loop exhibits the behavior characteristic for the anti-thixotropic liquid, which is related to the phenomenon of shear thickening. However, all changes were in fact insignificant and are within the limits of measurement errors. Thus, the solutions can be considered as rheologically stable, non-Newtonian fluids in which the flow properties do not change over the time.
Effects of temperature on viscosity
Flow measurements were performed at various temperatures in the range from 20 ºC to 70 ºC. Fig. 4 presents the dependence of the shear viscosity versus temperature for all investigated solutions. A progressive decrease of apparent viscosity, thus, also the shear stress of polymeric solutions with increasing temperature is clearly seen. This can be explained by the increase of the macromolecules mobility and the free volume between them. The influence of temperature on the viscosity is much larger at small shear rates than those at high ones. The plot shapes of viscosity versus temperatures are similar and the curves are only shifted relative to each other. Such dependence has been observed for both polymers and their blends. In these conditions, the pectin is characterized by the higher viscosity (η a ) than other samples at all studied temperatures, which is obviously caused not only by the different molecular weight and concentration but also stronger molecular interactions. The addition of PVA to pectin reduces the viscosity of system which indicates that chains become more flexible and interactions between them are partly destroyed.
To compare the samples with various components ratio, the percentage changes of viscosity at different temperature ranges have been calculated. The results for representative sample: PEC/PVA blend of 70/30 weight ratio are shown in Table 1 . It is clear that the viscosity decrease by about 2% for the temperature rise from 30 °C to 40 °C. Temperature increase by a further 10° leads to the about 1% viscosity drop while increase from 50 to 60 ºC and from 60 to 70 °C causes lower viscosity changes (~0.4 -0.8%). The viscosity changes in various temperature intervals for all mixtures at the shear rate equal to 1234 s -1 are presented in Table 2 . The results show that the pectin is most sensitive to temperature variations among studied samples because the temperature rise from 30 to 40 °C changes the viscosity more than 2%. It can be explained by the ability of pectin molecules to aggregate as a result of flow process. At higher temperatures respected changes are lower, which can indicate that formed aggregates are destroyed. Tables 1 and 2 show also that the larger η a changes are observed for the lower temperatures and the lower shear rates.
The relationship of viscosity versus temperature for the pectin, PVA and their mixture solutions can be expressed by the Arrhenius -type equation [2, 24, 25] .
where: A 0 -is the pre-exponential parameter, E a -activation energy of viscous flow, R -gas constant and T -temperature in K.
Value of activation energy obtained from Arrhenius equation reflects the influence of temperature on the interaction of polymers molecules with the used solvent. Some examples of Arrhenius plots drawn for 70/30 PEC/PVA blend at different shear rates are shown in Fig. 5 . All calculated values of activation energy of viscous flow (E a ) for PEC, PVA and their blends at different shear rates are listed in Table 3 . Generally, the decrease of E a with the increase of shear rate is seen for all analyzed systems, particularly from 397s -1 to 1234 s -1 . The solution of pectin is characterized by the higher value of E a than the solution of poly(vinyl alcohol). The highest E a value is found for 70/30 PEC/PVA blend. Moreover, for this blend, the activation energy is higher than those for the individual polymers at a given shear rate. This may suggest that the stronger intermolecular interactions between polymer components occur and they are responsible for the increase of E a with the increase of PEC content in blends (mostly at higher . γ).
The activation energy of viscous flow for pure PVA is similar but E a for pectin is somewhat lower than those values reported previously by other authors [23, 24, 30] .
Rheological parameters
The shear dependence of the viscosity was analyzed by using the well-known power law relationship (eq.1) [1, 2] . For the samples of PEC, PVA and their blends, the plots of log τ versus log . γ are linear (Fig. 6 ). It means that the power law model correctly describes the flow behavior of studied systems in the used range of shear rates.
The plots of τ in a function of log . γ were used to calculate the rheological parameters (strictly lgk and n) from the slope and ordinate axis intercept point, respectively. The obtained values of rheological parameters are listed in Table 4 . It was found that the n values are lower than 1 in the temperature range from 20 ºC to 30 ºC, indicating shear-thinning behavior. For the PEC solutions, the rise of temperature by 40 °C only slightly influences this behavior (n increases from 0.91 to 0.93). In the case of the solutions of PVA and blends with w PEC ≤ 0.5, the same rise in temperature causes more distinct increase of the n value (n > 1). These systems exhibit the shear-thickening behavior. It may be caused by the development of temporary network or the increase of number entanglements of unfolded macromolecules with the increase of temperature. The values of k parameter increase with the pectin content in the blend but decrease as the temperature increases.
As was mentioned before, between the pectin and PVA macromolecules not only typical dispersive forces and hydrogen bonds exist but also some repulsion forces due to the presence of carboxylic groups in PEC are possible. Such competitive interactions (attraction and repulsion), dependent on the solution composition, temperature and share stress, can be a reason of variation of temporary structure and macromolecular conformations in rheological test.
Conclusions
This study showed that the aqueous solutions of pectin, poly(vinyl alcohol) and their blends behave as non-Newtonian fluids. The data has been well fitted to the Ostwald-de Waele model described by the power equation. The solutions of pure pectin and blend with its prevailing amount (PEC/PVA 70/30) exhibit the shearthinning behaviour with the exponent parameter (n) value lower than 1. In the case of the solutions of PVA and its blends with lower pectin amount (w PEC ≤ 0.5, i.e. in PEC/PVA = 30/70), the shear thickening behaviour, characterized by n > 1, is observed in the temperature range of 50 °C -70 °C. The effect of time on the viscosity is negligible, thus, the both polymers and theirs blends are rheologically stable. The pectin alone appeared the most sensitive to the temperature among studied samples.
Summarizing, the flow properties of blend solutions depend on their composition, the temperature and the shear rate. The obtained results suggest that in the solution of PEC/PVA blends the components are poorly miscible. Finally, it can be concluded that the rheological measurements are very sensitive to the local changes of macromolecule conformations and temporarily changeable interactions in polymeric fluids. Thus, an important information determining the polymer behaviour and properties can be achieved even without applying very sophisticated, often inaccessible and expensive methods -simply using rheology test.
Experimental part
Materials
Pectin from citrus fruit, supplied by Sigma-Aldrich, contained 87.6% of polygalacturonic acid. The amount of methyl esterified groups in pectin, equal to 27.8%, was estimated by FTIR spectroscopy [12] as the ratio of integral intensity of band attributed to methyl esterified carboxylic groups (A 1739 ) and the sum of areas of ester and carboxyl bands (A1739+A1612).
Poly(vinyl alcohol) was also obtained from Sigma-Aldrich company (hydrolyzed, molecular weight range: hydrolysis degree = 87-90%, 30,000-70,000 g/mol, m p = 200ºC, d = 1.269 g/cm 3 -data from supplier).
The hydrolysis degree (DH,%) of PVA has been checked after hydrolysis in NaOH solution. Titration of NaOH excess by HCl in the presence of phenolophtalein allowed to calculate DH [26] , which was equal to 89.9%.
For rheological measurement 3% (m/v) pectin and 10% PVA (m/v) solutions in distilled water have been prepared at elevated temperature. Solutions of both polymers were mixed in proper volumes to obtain the following weight ratios of components: 70/30, 50/50 and 30/70 (the corresponding total polymer concentration was 4.3, 4.6 and 5.9 % (m/v), respectively). The mixtures were intensively stirred with magnetic stirrer for at least 1h to obtain the homogeneous solutions.
Rheological measurements
Rheological properties of aqueuos solutions of both polymers and their blends have been determined using a rotary viscometer Bohlin Visco 88 (UK) with concentric cylinder. Flow measurements were carried out at the range of temperature from 20 °C to 70 °C using thermostatic bath. The apparent viscosity and shear stress were measured at shear rates ranging from 24 to 1234 s -1 .
For evaluation of the time on the viscosity i.e. to observe if the thixotropy or rheopexy takes place, the measurement of apparent viscosity was performed in two sweeps: at increasing shear rates and returned to the starting point at decreasing shear rates.
